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ABSTRACT

We tested the hypothesis that different GnRH pulse frequen-
cies will affect serum LH and FSH differently. Ovariectomized
gilts (n = 6), immunized against GnRH, were given 200-ng puls-
es of GnRH agonist (GnRH-A) every 180 min for 3 days (pre-
treatment), followed by GnRH-A pulses every 30, 60, or 180 min
for 3 days (treatment) in a Latin rectangle design. Mean gonad-
otropin concentrations did not change over time when GnRH
pulses were administered every 180 min. Initiation of high
GnRH-A pulse frequency (30 min) caused a robust increase in
serum LH to 265% of the pretreatment level (p < 0.007) and a
more moderate increase in serum FSH to 127% of pretreatment
level (p - 0.02). After 66 h of frequent pulsing, desensitization
had occurred and serum LH concentrations were similar to pre-
treatment concentrations, but serum FSH had decreased to 53%
of pretreatment levels (p < 0.0008). After 72 h of treatment, 5
pFg GnRH-A was infused to estimate residual releasable pools of
LH and FSH, and the amounts of LH and FSH released were
negatively correlated with GnRH-A pulse frequency. The results
of this study imply that the LH surge is terminated because the
pituitary gland becomes incapable of responding to an other-
wise adequate stimulus, and not because of exhaustion of re-
leasable LH pools. Our results confirm that in the pig the re-
sponse to altered GnRH-A pulse frequency differs between LH
and FSH. High GnRH pulse frequency is more effective in acute-
ly releasing LH than FSH. Low pulse frequency of GnRH sup-
ports FSH synthesis and release, but is not as effective in in-
creasing LH concentrations, while high GnRH pulse frequency
inhibits FSH synthesis and release.

INTRODUCTION

LH and FSH are secreted differentially during the es-
trous cycle [1] and during several experimental situations
[2]. Several factors, such as steroids and gonadal peptides
[3, 4], affect LH and FSH concentrations, but GnRH has
been accepted as the only hypothalamic releasing factor
responsible for LH and FSH synthesis and release. The
question arises whether GnRH plays a primary role in dif-
ferential regulation of LH and FSH.

Pulse frequency of GnRH [5, 6] and LH [7, 8] is known
to change throughout the estrous cycle and postpartum pe-
riod. In several species such as rats [9-11], monkeys [12],
cattle [13], and sheep [2, 14], differential release of LH and
FSH, as well as differential expression of LH3-, FSH3-,
and ao-subunit mRNA, has been shown to be associated
with different patterns of GnRH acting upon the pituitary
gonadotrophs. High GnRH pulse frequencies tend to favor
LH production and release while low frequencies favor
FSH [10, 11]. Only a minimal amount of work of this na-
ture has been performed and reported in the pig, undoubt-
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edly one of the more important livestock species and an
important model for biomedical research.

To study the influence of GnRH pulse frequency on LH
and FSH release, the pituitary has to be isolated from en-
dogenous GnRH input, followed by GnRH replacement in
a defined pattern. Initial work by Fraser's group [15] and
our group [16] showed that neutralization of endogenous
GnRH reduced serum LH and FSH, caused cessation of
follicular development and the estrous cycle, blocked ovu-
lation, and resulted in testicular atrophy. The immunization
of gilts against GnRH specifically and effectively neutral-
izes GnRH, resulting in inhibition of its biological actions
without affecting prolactin concentrations [16].

In the present study, we used ovariectomized gilts im-
munized against GnRH to gain further insight into the roles
of GnRH pulse frequency on differential release of LH and
FSH from the pig pituitary in vivo.

MATERIALS AND METHODS

Animals

Nine prepubertal crossbred gilts (Duroc x Hampshire;
144 days of age) were ovariectomized under general an-
esthesia to remove the effects of ovarian steroids and pep-
tides on pituitary function, since we wanted to study the
main effects of altered GnRH pulse frequency. This early
age was chosen to create long-term ovariectomized gilts,
so we could be reasonably sure that there were no longer
any residual ovarian effects. At 201 days of age (Week 0
of experiment) gilts were immunized against GnRH to neu-
tralize endogenous GnRH. Booster immunizations were
given at Weeks 8 and 10. The six gilts with the highest
anti-GnRH titers at Week 11 were used in the experiment.
The Society for the Study of Reproduction guidelines en-
suring the welfare and humane treatment of animals were
observed, and the experiment was approved by the Insti-
tutional Animal Care and Use Committee.

Immunization

Synthetic GnRH acetate salt (Sigma Chemical Co., St.
Louis, MO) was conjugated to BSA as described by Fraser
et al. [17] and modified by Esbenshade and Britt [16]. Pri-
mary immunizations used 2.5 mg of GnRH conjugated to
BSA per gilt, emulsified in 3 ml Freund's complete adju-
vant (Sigma), and booster immunizations used 0.5 mg
GnRH conjugated to BSA in 3 ml of Freund's incomplete
adjuvant.

Experimental Design; Schedule for Treatment and
Blood Sampling

Prior to each immunization, gilts were bled by jugular
venipuncture. All blood samples were refrigerated (4°C) for
12-24 h before serum was separated by centrifugation
(1700 x g; 30 min). Serum was kept frozen (-20°C) until
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DIFFERENTIAL REGULATION OF LH AND FSH IN THE GILT

assayed for LH, FSH, and GnRH antibody. Gilts were fitted
with bilateral indwelling vena cava catheters [18] at the end
of Week 12 (Day 0). One catheter was used for blood sam-
pling, the other for infusion of GnRH agonist (GnRH-A).

The experiment was designed to determine whether dif-
ferent GnRH pulse frequencies would induce differential
release of LH and FSH in the gilt. In the female pig, LH
pulses are observed every 3-6 h during the luteal phase
and every 1-2 h during the follicular phase [7, 19]. There-
fore, gilts (n = 6) were treated with three different GnRH-A
pulse frequencies: high, intermediate, and low (30-, 60-, or
180-min intervals). Gilts were randomly assigned to a Latin
rectangle design with six columns representing gilts and
three rows representing experimental periods. Each gilt re-
ceived each treatment but in different experimental periods
(2 gilts per treatment in each experimental period). Each
experimental period lasted 7 days; details are depicted in
Figure 1. Gilts did not receive any GnRH-A for 3 days
between experimental periods.

A large dose of 5 Lg GnRH-A (Bolusl) was adminis-
tered initially with the intention of reducing variation
among gilts by releasing readily releasable pituitary pools
of LH and FSH before the initiation of the pulsing regimen.
During the pretreatment phase each gilt received GnRH-A
pulses every 180 min for 3 days because absence of GnRH
stimulation causes down-regulation of GnRH receptors
whereas intermittent administration of GnRH or GnRH an-
alogues can up-regulate pituitary GnRH receptors and stim-
ulate gonadotropin synthesis in the rat [20] and sheep [21].
GnRH receptor concentrations have not been reported in
the pig, but GnRH-A pulses (100 ng every 2 h for 3 days;
same agonist as in the present study) administered to
GnRH-immunized gilts resulted in detectable LH in 50%
of the samples [22]. The large GnRH-A dose at the end of
each experimental period (Bolus2) was administered to de-
termine residual releasable gonadotropin pools that re-
mained after implementation of the various GnRH-A puls-
ing regimens. Blood samples were taken immediately be-
fore the 5 Rpg GnRH-A infusion (Bolus2) and after 5, 10,
and 20 min and every 20 min thereafter until 4 h after the
infusion.

GnRH-A

The GnRH agonist, d-Ala6 , des Gly-NH 2 10 ethylamide
GnRH (Sigma) was used to stimulate gonadotropin release
in the GnRH-immunized gilts. During the pretreatment and
treatment phases, gilts received 200 ng GnRH-A in 84 -plI
sodium citrate (3.5%, pH 7.4) as instant pulses (i.v.; over
5 sec) using Auto Syringe infusion pumps (Travenol; Hook-
sett, NH). During blood sampling intervals, pumps were
disconnected and gilts were pulsed manually with 200 ng
GnRH-A in 1 ml. The 5 jig GnRH-A infusions (Bolusl and
Bolus2) were administered in a volume of 2.1 ml over a
period of 30 sec.

Hormone Assays and Antibody Titers

Serum LH and FSH were measured by RIA. All samples
from a gilt were analyzed in the same assay. The intra- and
interassay coefficients of variation at 1.7 ng/ml for the LH
assays [23] were 7.8 and 23.3%. The average sensitivity
was 0.2 ng/ml. For the FSH assay [16, 24], we used
USDA-398-04P anti-porcine (p) FSH, [125 I]-USDA-pFSH-
I-1 as the radiolabeled ligand, and USDA-pFSH-B-1 for
standards. The incubation time with first antibody was in-
creased from 48 to 60 h, and after addition of tracer the

5 g
GnRH-A
(Bolus l)

6h 7h 7h
Blood sampling Blood sampling

every l0 min every 10 min

FIG. 1. Treatment and blood sampling schedule for one experimental

period.

assay was incubated for an additional 48 h. The intra- and
interassay coefficients of variation were 8.8 and 12.6% at
91 ng/ml, and 9.4 and 17.4% at 43 ng/ml. The average
sensitivity was 12 ng/ml.

GnRH antibody titers were determined in GnRH binding
assays based on the procedure of Esbenshade and Britt [16].

Statistical Analyses

Mean, baseline, and high hormone concentrations, de-
fined as the average of all samples, the seven lowest sam-
ples, and the seven highest samples, respectively, were cal-
culated for every sampling interval (pretreatment, early
treatment, late treatment; Fig. 1) for each gilt during each
experimental period. To justify comparisons between pre-
treatment (6-h sampling) and treatment (7-h sampling),
only the first and the last 6 h of data were included for the
early- and late-treatment sampling intervals, respectively,
starting with one sample before GnRH administration. For
baseline determination of early-treatment intervals, only
data collected between 3 and 6 h were utilized to allow for
stabilization of baseline after new treatments had been ini-
tiated. Undetectable hormone levels were allocated a value
of 0.1 ng/ml for LH and 10 ng/ml for FSH.

To compare releasable pools of gonadotropins at the end
of each experimental period, pituitary responses to GnRH-A
were determined for the 4-h period after infusion of 5 Vtg
GnRH-A by calculating the area under the LH and FSH
response curves (AUC) above the pre-bolus baseline. Pre-
bolus baseline was defined as the value of the sample taken
immediately before the 5 g GnRH-A application.

Data were subjected to least squares analyses of variance
using the General Linear Models procedure of the Statis-
tical Analysis System [25]. Each pig was used in each ex-
perimental period and each pig received each treatment.
However, pigs received treatments in different order. There-
fore, we checked first to determine whether a given treat-
ment affected the subsequent treatment's effects. This step
permitted us to separate the effects of time (experimental
period) and type of previous treatment (30, 60, or 180).
This analysis revealed no specific effects of previous
GnRH-A pulse frequency. Experimental period was then
used as a factor for further analysis of GnRH-A frequencies
within sampling intervals (pretreatment, early treatment,
late treatment) as required by standard Latin square anal-
ysis. This allowed us to account for variation introduced by
pigs (columns) and the time of treatment during the exper-
iment (experimental period; rows), and to detect variation
introduced by type of treatment (GnRH-A pulse frequency).
Data analysis among sampling intervals within GnRH-A
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FIG. 2. Representative LH (A, C, E; log scale) and FSH (B, D, F) profiles
of individual gilts. All gilts received 200-ng pulses of GnRH-A every 180
min for 3 days (pretreatment). Blood samples were taken every 10 min
for the last 6 h of the 3-day pretreatment phase. Immediately thereafter,
pulse frequency was changed to every 30 min (E, F) or 60 min (C, D), or
gilts continued to be pulsed every 180 min (A, B) for 3 days. Blood sam-
ples were taken every 10 min for the first 7 h (early treatment) and the
last 7 h (late treatment) of the 3-day treatment phase. Afterwards, gilts
received 5 g GnRH-A (Bolus2) and blood samples were collected for 4 h.

frequencies utilized a split-plot model for repeated mea-
sures with experimental period in the main plot and gilt
within experimental period as the error term to test the main
plot effect. Sampling interval and experimental period x
sampling interval interaction were tested in the split plot.
Means were compared by least significant difference or by
preplanned orthogonal contrasts.

RESULTS

Effect of Immunization against GnRH

Serum concentrations of LH and FSH measured 1.5 +
0.3 and 144 + 7 ng/ml at Week 0 and were decreased by
immunization against GnRH to 0.4 + 0.2 and 65 ± 5 ng/ml
(p < 0.05) before the initiation of the first experimental
period at Week 12. Serum LH was at 0.2 0.1 ng/ml
before the initiation of the second and third experimental
period, and serum FSH at 60 + 5 ng/ml before the second
and at 46 +_ 3 ng/ml before the third experimental period.
Anti-GnRH titers were elevated 2 wk after the first booster
(Week 10), reached a maximum 1 wk after the second
booster (Week 11), and stayed elevated during the appli-
cation of the GnRH-A pulsing regimens.

Effect of GnRH-A Pulse Frequency

Pulsatility of LH and FSH was examined using visual
appraisal and CLUSTER analysis [261, with both methods

yielding the same results. During the pretreatment blood
sampling interval, all gilts responded with a distinct LH
pulse to each GnRH-A pulse (Fig. 2), whereas FSH pulses
could not be detected consistently with either method. Gilts
receiving GnRH-A pulses every 30 min during the treat-
ment phase (Fig. 2, E and F) responded with a sharp in-
crease of serum LH and FSH immediately after initiation
of the more frequent pulsing regimen. Serum gonadotropins
reached a plateau after 2-3 h and stayed at that level for
the remainder of the early-treatment blood sampling inter-
val. In these gilts mean LH increased to 265% of pretreat-
ment concentrations (p 0.007; from 0.33 to 0.86; SEM
0.09 ng/ml), and similarly, baseline LH increased to 423%
(p - 0.006; from 0.22 to 0.93; SEM 0.12 ng/ml). Mean
FSH increased to 127% (p - 0.02; from 43.3 to 54.8; SEM
2.4 ng/ml), and FSH baseline increased to 141% (p 
0.007; from 37.4 to 52.8; SEM 2.7 ng/ml). However, the
30-min GnRH-A pulse frequency was not able to maintain
serum gonadotropins at those elevated levels. After 3 days
of frequent pulsing (late-treatment sampling interval), mean
LH had returned to 96% of pretreatment levels (p > 0.9;
to 0.31 + 0.09 ng/ml) and LH baseline to 114% (p > 0.9;
to 0.25 + 0.12 ng/ml), whereas mean FSH and baseline
FSH concentrations in these pigs had decreased to 53% (p
- 0.001; to 22.8 2.4 ng/ml) and 49% (p 0.003; to
18.2 2.7 ng/ml) of pretreatment values.

Mean, baseline, and high LH differed among GnRH-A
pulse frequencies during early treatment (Fig. 3), and were
greater (p < 0.05) in gilts pulsed every 30 min than in gilts
pulsed every 60 or 180 min. Mean and baseline LH during
late treatment did not differ among GnRH-A pulse fre-
quencies (p > 0.1), and concentrations in all treatment
groups were similar to pretreatment concentrations (p >
0.1). In contrast, mean and baseline FSH were not different
among GnRH-A pulse frequencies during early treatment
but differed during late treatment and were lower (p <
0.05) in gilts pulsed every 30 or 60 min than in gilts pulsed
every 180 min.

Effect of Experimental Period

Gilts receiving GnRH-A pulses every 30 or 60 min, i.e.,
gilts in which mean serum FSH concentrations during late
treatment (25.5 + 0.5 ng/ml) were decreased as compared
to pretreatment concentrations (46.2 + 0.6 ng/ml), had re-
covered FSH concentrations during pretreatment of the fol-
lowing experimental period (43.7 + 0.5 ng/ml). However,
LH concentrations in these gilts had not recovered and mea-
sured 0.32 ± 0.01 during pretreatment, 0.33 0.01 during
late treatment, and 0.22 + 0.01 ng/ml during pretreatment
of the following experimental period. Mean LH concentra-
tions across all treatments were greater (p - 0.05) during
the first experimental period than during later experimental
periods. However, there were no indications of a sampling
interval by experimental period interaction, and the per-
centage change from pretreatment to treatment concentra-
tions was similar in all experimental periods (Table 1).

Response to the Final Challenge with GnRH-A

An inverse relationship existed between frequency of
GnRH-A pulses during the treatment phase and AUC in
response to the final administration of 5 pIg GnRH-A (Fig.
4). FSH-AUC differed (p _ 0.05) among the three treat-
ment groups. LH-AUC, however, did not differ between the
30- and the 60-min group; but both groups responded with
less LH release than the 180-min group (p - 0.05). In the
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FIG. 3. Effect of GnRH-A pulse frequency on mean, baseline, and high
gonadotropin concentrations at the end of the 3-day pretreatment phase
(pretreatment) and the beginning (early treatment) and end (late treatment)
of the 3-day treatment phase. Each column represents the least square
mean ( SEM) of six gilts. Pretreatment hormone concentrations are
shown to provide a reference value and are labeled according to the
GnRH-A pulse frequency the gilts were going to receive during the fol-
lowing treatment phase. abColumns within sampling interval identified by
different letters differ (p < 0.05).

30 min 60 min 180 min
FIG. 4. AUC (ng x ml - ' x min) for serum LH (A) and FSH (B) after 5
jIg GnRH-A (Bolus2) was given i.v. at the end of each treatment phase
during which gilts had received GnRH-A pulses every 30, 60, or 180 min
for 3 days. Columns (least square means + SEM) within the same panel
and identified by different letters are different (p 0.05).

first experimental period, LH-AUC was greater (p - 0.05)
than in the second or third experimental period (Table 2).
There was no difference among experimental periods for
FSH-AUC after the final 5 tg GnRH-A administration.

DISCUSSION

Effect of Frequency of GnRH Pulses

In a model in which the effects of endogenous GnRH
were neutralized, we sought to determine whether different
GnRH-A pulse frequencies altered the secretion of LH and
FSH from the gilt pituitary gland in the absence of ovarian
influences. We are not aware of other reports examining
this question in the pig. The most indicative observations
made were that 1) LH secretion was immediately and prom-
inently affected by increased GnRH-A pulse frequency, but
the effect of increased GnRH pulse frequency on FSH re-
lease was less pronounced, and 2) an effect of GnRH pulse
frequency on FSH concentrations was not observed until
the late-treatment sampling interval when high-frequency
GnRH-A pulses resulted in reduced FSH concentrations.

In our model, the effects of different GnRH pulse fre-
quencies on mean gonadotropin release paralleled effects
on baseline concentrations. Observations from in vivo stud-
ies of lactating and weaned sows indicate that follicular
development is not necessarily associated with a measur-
able change in mean gonadotropin concentrations [8, 27].
In those studies, basal LH concentrations and LH pulse
frequency showed more positive correlations to follicular
parameters than did mean LH concentrations, but there was
considerable sow-to-sow variation. It seems important to
recognize that the focus of those studies was the interaction
between LH and the ovary; GnRH and LH pulse frequency
were not controlled, ovaries were present, and the removal
of the suckling stimulus affected LH concentrations and LH
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TABLE 1. Effect of experimental period on mean gonadotropin concentrations (least square means) in ovar-
iectomized, GnRH-immunized gilts receiving GnRH-A pulses.

Experi- Mean LH (ng/ml) Mean FSH(ng/ml)

mental Pre- Early Late Pre- Early Late
period" treatment treatment treatment treatment treatment treatment

First 0.48 0.94 (196) ' 0.48 (100) 51.8 60.4 (117) 36.1 (70)
Second 0.25** 0.48** (192) 0.25** (100) 45.8 51.1 * (112) 30.5 (67)
Third 0.21 0.36** (171) 0.20** 1(95) 42.9 48.1 * (112) 29.5 (69)

SEM 0.03 0.09 0.03 2.7 2.7 2.1

Experimental design and protocols described in Materials and Methods; blood samples taken every 10 min
for 6 h at the end of the 3-day pretreatment phase and at the beginning (early) and the end (late) of the
3-day treatment phase were used to calculate mean gonadotropin concentrations.
b Numbers in parentheses indicate percentage of pretreatment.
* Differs from value in first experimental period (p - 0.04).
** Differs from value in first experimental period (p - 0.002).

pulse frequency. The focus of our study was the interaction
between GnRH and LH/FSH; we controlled GnRH pulse
frequency, and between-pig variation was eliminated
through the experimental design. In our studies, increased
GnRH pulse frequencies resulted in elevation of LH base-
line concentrations bringing about increased mean LH con-
centrations. This validates Shaw and Foxcroft's conclusion
[28] that there is a positive correlation between pulse fre-
quency and minimum LH values, which may be a useful
criterion on which to base estimates of LH activity during
the follicular phase.

The greater LH response to acute stimulation with high-
frequency GnRH pulses, as compared to the FSH response,
indicates that greater amounts of releasable pools of LH
were present and/or that the sudden increase of GnRH pulse
frequency was a more appropriate stimulus for LH than for
FSH release. Pituitary contents of LH and FSH decrease
after hypothalamo-pituitary disconnection (HPD) in sheep
[14] and after immunization against GnRH in rats [29],
sheep [30], and pigs [31], but it has not been shown that
FSH stores decrease more than LH stores. In the present
experiment we also attempted to minimize and thereby
equalize residual stores of LH and FSH by challenging gilts
with a large dose of GnRH-A (Bolusl) in the beginning of
each experimental period. Subsequently, we sought to stim-
ulate gonadotropin synthesis by administration of GnRH-A
pulses every 180 min for 3 days. Similarly, 250 ng GnRH
administered every 2 h to ovariectomized, HPD ewes for 1
wk increased amounts of all three subunit mRNAs (LH3,
FSH3, and a) [14], implying that LH and FSH synthesis
can be stimulated with GnRH pulses. However, this pulsing
regimen [14] resulted in increased pituitary content of LH,
but not FSH, and this supports our view that releasable
pools of LH were larger than those of FSH at the time
frequent pulsing with GnRH was initiated. In addition, re-
lease of FSH into culture medium or the bloodstream is

highly correlated with the degree of FSH synthesis [32-
35], and most newly synthesized FSH subunits are assem-
bled and released rather quickly [36-38]. In contrast, basal
LH secretion is not tightly coupled to its synthesis [32],
and a large portion of LH subunits are not immediately
assembled and released after being synthesized but rather
are retained in the endoplasmic reticulum [37, 39, 40] until
final carbohydrate processing and subunit assembly is stim-
ulated [41]. Our results are consistent with those observa-
tions; GnRH-stimulated release of LH occurred every 3 h
during pretreatment, but basal release was minimal and
newly synthesized LH was mostly stored. Resulting ade-
quate intracellular stores were the basis of the pronounced
increase of serum LH after stimulation with high-frequency
GnRH-A pulses. In contrast, newly synthesized FSH was
released quickly, and the marginal increase in mean FSH
after initiation of high-frequency GnRH-A pulses implies a
relative low amount of immediately releasable pools. Sim-
ilarly, Clarke et al. [2] reported that short-term manipula-
tions of GnRH frequency and amplitude had immediate and
more definite effects on LH secretion than on FSH secretion
in the HPD ewe, and that GnRH appeared to provide a
trophic stimulus for FSH secretion, but that the direct se-
cretory relationship that exists between GnRH and LH was
not apparent for FSH. This implies that gonadal factors may
provide the greatest regulatory influence on FSH and that
GnRH is only supportive.

After 3 days of frequent pulsing with GnRH-A (30 or
60 min), serum FSH concentrations were suppressed com-
pared to those seen with GnRH every 180 min. Likewise,
in ovariectomized ewes that were desensitized by means of
continuous GnRH infusion [42], serum FSH concentrations
decreased below pretreatment concentrations. In contrast,
LH release during late treatment was not different from the
release of LH during pretreatment, apparently because the
low-frequency GnRH-A stimulus during pretreatment al-

TABLE 2. Effect of experimental period on releasable pools of LH and FSH in
ovariectomized, GnRH-immunized gilts, challenged with 5 jig GnRH-A (Bolus2).a

LH (AUC)h FSH (AUC)'

Experimental period Experimental period

First Second Third SEM First Second Third SEM

399' 158' 165d 64 6650' 54710 6710' 965

a Experimental design and protocols described in Materials and Methods.
~ AUC (ng x ml ' x min; least square means) during the 4-h sampling interval after
challenge with 5 g GnRH-A (Bolus2), i.v., at the end of each experimental period.
is Values identified by different letters differ (p - 0.05).
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ready resulted in low LH. Dalkin et al. [9] reported that in
castrated rats given testosterone replacement, a wide range
of GnRH pulse frequencies (every 30-480 min; 25
ng/pulse) given for 24 h increased steady state concentra-
tions of FSH3 mRNA but that maximal stimulation was
associated with GnRH pulses given every 120 min. In the
same model, transcription rate of FSH3 mRNA was only
increased by GnRH pulses given every 120 min, not by
higher GnRH pulse frequencies [11]. Other studies in rats
[43], primates [12], and sheep [2] also suggest that FSH
synthesis and secretion is favored by low-frequency GnRH
pulses while higher-frequency stimuli favor LH, resulting
in a decreased FSH:LH ratio. Our observations underline
that low-frequency GnRH pulses are a very good stimulus
for FSH synthesis and that the synthesized FSH was re-
leased quickly, resulting in high serum concentrations. An-
other indication that low-frequency pulses of GnRH-A were
a better stimulator for FSH synthesis and release than for
LH was provided by the fact that the FSH system was ca-
pable of recovering within 6 days from the effects of fre-
quent GnRH-A pulsing and the subsequent large dose of
GnRH-A (Bolus2). Before the next experimental period
was initiated, gilts were not challenged with GnRH-A for
3 days; but then during the subsequent pretreatment phase,
pituitaries were stimulated with GnRH-A pulses every 180
min for 3 days. This regimen resulted in restoration of mean
serum FSH. In contrast to FSH, the LH system did not
recover completely between experimental periods. This in-
dicates that LH concentrations decreased during the resting
phase and/or during the following pretreatment phase, and
that LH synthesis was not optimally stimulated by GnRH-A
pulses given every 180 min. Similarly, Kile et al. [44] re-
ported that in ovariectomized, HPD ewes, low-frequency
GnRH pulses (1 per 12 h) were more effective at restoring
pituitary content of FSH than a pulse frequency of 1/h.
Moreover, FSH-AUC after 5 jig GnRH-A (Bolus2) was not
dependent on experimental period, but LH-AUC was lower
in the second and third experimental period (Table 2). This
confirms our conclusion that the FSH system undergoes a
faster and more complete recovery during exposure to low-
frequency GnRH-A pulses than the LH system.

Our results do not prove that low-frequency GnRH-A
pulsing is the only factor responsible for maintaining FSH.
It has been implied many times that factors other than
GnRH may control FSH secretion [8, 14, 45-47]. Our ex-
periments were not designed to evaluate the effects of ac-
tivin, inhibin, follistatin, or of any other peptides, steroids,
or neurotransmitters on gonadotropin release [3, 4, 48]. Es-
pecially activin of pituitary origin has been suggested as a
stimulator of FSH [49-52]. It is conceivable that after ovar-
iectomy, i.e., after the removal of the main source of inhibin
and steroids-which negatively regulate FSH synthesis and
release, activin may act uninhibited and as a cofactor to
low pulse frequency of GnRH-A in keeping FSH at high
levels during pulsing with GnRH-A every 180 min. Nev-
ertheless, GnRH is ultimately necessary for continued FSH
synthesis and release [22, 30, 53]. Clarke et al. [2] showed
that FSH did not reappear in long-term (61-96 days) HPD
ewes until 2 wk after pulsatile GnRH replacement, and
Traywick and Esbenshade [22] were not able to reestablish
detectable serum concentrations of FSH even after 144 h
of administration of GnRH-A pulses to GnRH-immunized
gilts. Hence, it seems that FSH release requires a certain
history of GnRH exposure. That leads to the speculation
that the putative cofactor of FSH release (possibly activin)
is dependent on GnRH.

Effect of a Large Dose GnRH-A Stimulus (Bolus2)

The release of LH and FSH after the high terminal dose
of GnRH-A (Bolus2) indicates that the pituitary glands
were not depleted of gonadotropins, even though they were
desensitized after treatment with high-frequency GnRH
pulses. Desensitization is characterized by refractoriness of
the pituitary gland to release LH and FSH in response to
otherwise sufficient doses of GnRH; however, other studies
have reported detectable levels of basal release [54] as we
did in our study.

Validity of the Model and Appropriateness of GnRH-A

Serum gonadotropins were significantly lower 12 wk af-
ter immunization against GnRH than at Week 0, indicating
that sufficient GnRH-antibodies were raised, but there may
be some concern that gonadotropin concentrations were still
detectable when treatments were initiated. In the ovariec-
tomized/HPD sheep model [55], small pulses of GnRH that
were administered for 2 days were able to sustain ongoing
LH synthesis without release, and the LH response to large
pulses administered on the third day was increased above
the response obtained on Day 0. However, administration
of small GnRH pulses during a large-pulse regimen did not
alter mean LH release. Several other studies employing an-
imal models that were actively immunized against GnRH
also report low but detectable serum concentrations and pi-
tuitary concentrations of LH and FSH [22, 29-31, 56]. In
our present experiments, possible low residual concentra-
tions of endogenous GnRH were not expected to interfere
with the aim of our study, because we controlled the pri-
mary GnRH frequency. Also, gonadotropin profiles that re-
sulted from different treatments could be fully explained by
the exogenous GnRH-A pulsing regimen and were inde-
pendent of GnRH titers.

It is possible that the differences in LH response between
the first and the second experimental period were based on
larger pituitary pools of LH during the first experimental
period despite our attempt to minimize the pools by ad-
ministration of a large dose of GnRH-A. However, quali-
tative changes within experimental periods (rows of Latin
rectangle) were very similar (Table 1). Moreover, the sta-
tistical model used to evaluate the effects of treatments ac-
counted for variation introduced by differences among ex-
perimental periods and among pigs.

We used a potent GnRH agonist [57, 58]; however, this
did not appear to be a problem in our present experiments
or in earlier studies [18, 22]. Long-term pulsing (every 180
min for 6 days) in our present experiments did not diminish
the pituitary's response to GnRH-A.

Our results demonstrate that a mere change in GnRH
pulse frequency produces gonadotropin profiles that are
consistent with gonadotropin changes observed during the
reproductive cycle of the pig [1, 7, 19, 59]. During the lu-
teal phase, a pattern dominated by low-frequency, high-
amplitude LH pulses reflects low-frequency GnRH pulses
resulting in low basal LH concentrations and high FSH con-
centrations, which is consistent with our observations dur-
ing periods when GnRH-A pulses were applied every 180
min. During the follicular phase the pattern shifts to a high-
frequency, low-amplitude pattern of LH release, indicating
that high-frequency GnRH pulses are present, triggering in-
creased synthesis of LH and decreased synthesis and re-
lease of FSH [1, 7, 24, 60]. Inhibin and estradiol are also
elevated during this period and affect FSH negatively [3,
4], but our results show that high GnRH frequency alone
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would be capable of suppressing FSH secretion. The rapid
and pronounced increase of LH in gilts that were pulsed
with GnRH-A every 30 min in our study mimicked the
occurrence of the LH surge, and our results imply that the
LH surge is terminated because the pituitary gland becomes
incapable of responding to an otherwise adequate stimulus,
and not because of exhaustion of releasable LH pools.

The results of this study confirm that in the pig the re-
sponse to altered GnRH-A pulse frequency differs between
LH and FSH. High GnRH pulse frequency was more ef-
fective in releasing LH than in releasing FSH. Low GnRH
pulse frequency supported FSH synthesis and release, but
was not as effective in increasing LH concentrations.
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